Hypoxia-inducible factor-1a (HIF-1a) is one of the most potent angiogenic growth factors. It improves angiogenesis and tissue perfusion in ischemic skeletal muscle. In the present study, we tested the hypothesis that ischemic postconditioning is effective for salvaging ischemic skeletal muscle resulting from limb ischemia-reperfusion injury, and that the mechanism involves expression of HIF-1a. Wistar rats were randomly divided into three groups (n=36 each): sham-operated (group S), hindlimb ischemia-reperfusion (group IR), and ischemic postconditioning (group IPO). Each group was divided into subgroups (n=6) according to reperfusion time: immediate (0 h, T 0 ), 1 h (T 1 ), 3 h (T 3 ), 6 h (T 6 ), 12 h (T 12 ), and 24 h (T 24 ). In the IPO group, three cycles of 30-s reperfusion and 30-s femoral aortic reocclusion were carried out before reperfusion. At all reperfusion times (T 0 -T 24 ), serum creatine kinase (CK) and lactate dehydrogenase (LDH) activities, as well as interleukin (IL)-6, IL-10, and tumor necrosis factor-a (TNF-a) concentrations, were measured in rats after they were killed. Histological and immunohistochemical methods were used to assess the skeletal muscle damage and HIF-1a expression in skeletal muscle ischemia. In groups IR and IPO, serum LDH and CK activities and TNF-a, IL-6, and IL-10 concentrations were all significantly increased compared to group S, and HIF-1a expression was up-regulated (P,0.05 or P,0.01). In group IPO, serum LDH and CK activities and TNF-a and IL-6 concentrations were significantly decreased, IL-10 concentration was increased, HlF-1a expression was down-regulated (P,0.05 or P,0.01), and the pathological changes were reduced compared to group IR. The present study suggests that ischemic postconditioning can reduce skeletal muscle damage caused by limb ischemiareperfusion and that its mechanisms may be related to the involvement of HlF-1a in the limb ischemia-reperfusion injurytriggered inflammatory response.
Introduction
Ischemia-reperfusion (IR) injury occurs when tissue is reperfused following a period of ischemia, and results from acute inflammation involving various mechanisms. The effects of lower extremity IR occur across a spectrum ranging from mild injury with no lasting sequelae to a systemic response with multi-organ injury. This process may give rise to generalized inflammation with activation of different immune cells, release of a vast number of inflammatory mediators, reactive free radicals, and vasoactive substances (1, 2) . Pro-inflammatory cytokines play a critical role in the cascade of events resulting in injury from IR. In the literature, the role of interleukin (IL)-1b, IL-6, IL-8, thromboxane A 2 (TXA 2 ), and tumor necrosis factor-alpha (TNF-a) are well documented in IR injury. These cytokines provide signals between the responding leucocyte and the vascular endothelial barrier, and the net result is upregulation due to IR injury and loss of endothelial integrity as well as recruitment and activation of leukocytes (3) (4) (5) (6) .
Critical lower limb ischemia is a common cause for amputation. Clinical trials targeting neutrophil blockade and reactive oxygen species (ROS) scavenging (through free radical scavengers) have thus far failed to be successful (7, 8) . To develop new therapeutic strategies, more information is needed about molecular mechanisms of tissue responses to ischemic stress and factors inducing angiogenesis. DNA array technology has offered a new powerful tool for research into the molecular pathophysiology of human disease. Tuomisto et al. (9) reported that gene transfer of vascular endothelial growth factor (VEGF), insulin-like growth factor-1 (IGF-1), and IGF-2 to induce angiogenesis, survival, and regeneration may be useful for treatment of chronically ischemic skeletal muscle. Hypoxiainducible factor-1a (HIF-1a), the major regulator of VEGF expression under hypoxia (10) , was up-regulated at both the mRNA and the protein levels, and was located in the nucleus, suggesting that this may be the main pathway for VEGF induction in acute ischemia. Additionally, a recent study suggested that mutant HIF-1a can improve mature angiogenesis and tissue perfusion in ischemic rabbit skeletal muscle (11) . The processes of inflammation and angiogenesis are intimately linked. Research has suggested that inflammation and angiogenesis are interdependent processes aiding the growth and spread of cancer (12) . However, to our knowledge, no investigations have yet been made into the problem of inflammation and its effect on angiogenesis in skeletal muscle ischemia from lower limb IR injury. Accordingly, the present study was performed to determine the role of ischemic postconditioning in skeletal muscle ischemia induced by limb ischemiareperfusion, and whether its mechanism involves HIF-1a expression.
Material and Methods

Animals and reagents
Male Wistar rats, weighing 220-250 g, were used in the experiments (Medical Experimental Animal Center of the Gansu College of Traditional Chinese Medicine, Lanzhou, China). All procedures were performed in accordance with the Declaration of Helsinki of the World Medical Association. The rats were maintained on standard rat chow, with water ad libitum, under specific pathogen-free conditions at constant temperature (22-246C) .
Serum creatine kinase (CK) and lactate dehydrogenase (LDH) assay kits were obtained from NanJing JianCheng Biotechnology Company (China). TNF-a, IL-6, IL-10, anti-TNF-a, anti-IL-6, and anti-IL-10 antibodies, and rat HIF-1a assay kits were purchased from Wuhan Boster Bioengineering Institute (China). All other chemicals were of the highest purity commercially available.
Models and grouping
Animals were divided into three groups in a randomized manner, and each group contained 36 rats as follows: group 1 [sham-operated (S)], without ischemia; group 2 [limb ischemia-reperfusion (IR)], in which skeletal muscle IR injury was produced with the bilateral lower limb ligated for 3 h by placing an elastic rubber band under a pressure of 290-310 mmHg on the proximal part of the lower limb (13, 14) and then releasing it to allow reperfusion; and group 3 [ischemic postconditioning (IPO)], in which, at the start of reperfusion, three cycles of 30-s reperfusion and 30-s femoral aortic reocclusion (15) preceded reperfusion, as shown in Figure 1 (n=36). Each group was housed in wire mesh cages at room temperature with a 12:12-h day-night cycle. Prior to the experiment, all rats were fasted for 24 h and allowed access to tap water ad libitum. The animals were anesthetized with inhalation of 2,3% isoflurane (16) , and the anesthesia was only maintained during the course of the experimental operation. The S, IR, and IPO groups were followed for 0, 1, 3, 6, 12, or 24 h of reperfusion. Following reperfusion, blood samples from the inferior vena cava were obtained, and 6 rats were humanely killed by venous bloodletting and the skeletal muscle was removed immediately to collect tissue samples at each time point.
Measurement of serum laboratory parameters
Blood samples were centrifuged at 3000 g for 10 min at room temperature; the plasma was separated and transferred into clean 1.5-mL Eppendorf tubes before being stored at --806C until assay as a batch at a later date. Serum CK and LDH measurements were performed by standard spectrophotometry using an automated clinical chemistry analyzer (Olympus AU-2700, Japan). All assays were carried out in duplicate.
Measurement of TNF-a, IL-6, and IL-10 levels Serum TNF-a, IL-6, and IL-10 levels were measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's (Wuhan Boster Bioengineering Institute) instructions. From each time point (absorbance value), a viability value was calculated as a percentage of the average absorbance. All measurements were carried out in duplicate. Figure 1 . Experimental protocol used to determine the effect of one possible variation in ischemic postconditioning (IPO) on skeletal muscle after ischemia (I) and reperfusion (R). In the sham-operated group (n=36), there was no intervention; ischemia-reperfusion (IR, n=36) consisted of 3 h of I followed by 0, 1, 3, 6, 12, or 24 h of R; IPO (n=36) consisted of 3 h of I followed by 3 cycles of 30 s of R and 30 s of I, and then followed by 0, 1, 3, 6, 12, or 24 h of R, respectively.
Anti-TNF-a, anti-IL-6, and anti-IL-10 antibodies
In a separate series of experiments, anti-TNF-a (1 mL of hyperimmune serum/animal), anti-IL-6 (1 mL/animal), or anti-IL-10 (1 mL/animal) was given iv 60 min before reperfusion.
Histological assessment and scoring of tissue damage
The murine skeletal muscle was incised along the quadriceps femoris muscle and fixed in 10% phosphatebuffered formalin. The tissue was then embedded in paraffin and transverse sectioned at a thickness of 4 mm. Hematoxylin and eosin-stained slides were prepared from the tissue blocks using standard techniques. Quantitative analysis was performed for the level of tissue damage by an independent observer who was blinded to the identity of the study group from which each slide was produced. Sections were scored for the degree of damage, using a published scale of 1-10 (17) , by an independent observer blinded to the nature of the specimens.
Immunohistochemical staining of HIF-1a
The best tissue section for immunohistochemistry was selected and the corresponding formalin-fixed, paraffinembedded resection specimen was obtained. Immunohistochemical detection of HIF-1a was performed using the Image-Pro Plus 6.0 analysis system (Media Cybernetics Co., USA), which is based on streptavidin-biotin complex formation. Sections 4-mm thick were de-paraffinized and the antigen was retrieved by microwave treatment in 10 mmol/L citrate buffer, pH 6.0, for 20 min, followed by blocking steps carried out according to the manufacturer's protocol. Mouse monoclonal antibody (Wuhan Boster Co.), diluted 1:50-200, was applied and the slides were incubated overnight at 416C. The secondary antibody, biotinylated goat anti-mouse antibody (Wuhan Boster Co.), was applied with additional blocking precautions to minimize the amplification of nonspecific background. The antibody was visualized using diaminobenzidine, and the sections were counterstained with hematoxylin, dehydrated, and mounted. Substitution of the primary antibody with an autologous preimmune serum, and immunoadsorption with immunizing peptide served as a negative control. Batch-to-batch variation was assessed by choosing two sections showing high and low HIF-1a expression and running additional sections from these biopsies with each batch.
Assessment of HIF-1a staining in the tissue sections
The extent of hypoxia skeletal muscle tissue staining was quantified on 24-h specimens when the staining was greatest. Digital images of the skeletal muscle tissue overlying three regions of the quadriceps femoris were obtained using a microscope at 206 magnification. The total thickness of the skeletal muscle tissue and positive staining cells were measured using the Image-Pro software (Media Cybernetics Co.) In each region, five measurements were obtained and averaged. The HIF-1a protein level is reported as the sum of the integrated optical density (SUM IOD) value in different groups. HIF-1a was also assessed by an experienced pathologist who was unaware of the treatment.
Western blot analysis
The excised quadriceps femoris muscles were homogenized in ice-cold buffer ( 
Statistical analysis
Data were analyzed using the SPSS software (SPSS, USA) and are reported as means±SD. Data were analyzed by repeated measures analysis, and the means of all groups were compared using the least significant difference (LSD) test for multiple comparisons. P,0.05 was considered to be significant.
Results
Histology
Skeletal muscle IR resulted in significant injury, as demonstrated by edema of skeletal muscle cells, sarcoplasm dissolution and necrosis, interstitial vessel hyperemia and hemorrhage, and neutrophil infiltration (Figure 2A-C) . In contrast, IPO treatment ameliorated severe skeletal muscle damage (Figure 2A-C) . According to the histopathology scores, 3 h of skeletal muscle ischemia followed by 3 h of reperfusion resulted in severe acute skeletal muscle lesions. Quantitative analysis showed significantly increased scores in the IR group compared with the S group and decreased scores in the IPO group compared with the IR group (P,0.01, Figure 2D ).
Biochemical assessment of lower limb IR injury
Measurement of serum CK and LDH activity revealed a significant increase in these parameters for both the IR and IPO groups, compared to the sham-operated animals (P,0.05 or P,0.01, Figure 3A and B). Compared with the IR group, the activity of CK in IPO rats was significantly decreased at 3, 6, 12, and 24 h after reperfusion and the activity of LDH in IPO rats was significantly decreased at 1, 3, 6, 12, and 24 h after reperfusion (P,0.01; Figure 3A and B).
Changes in TNF-a, IL-6, and IL-10 after IR of hindlimbs Compared with the S group, the IR rats showed a significant increase in serum TNF-a, IL-6, and IL-10, and the increase peaked at 1, 3, and 3 h reperfusion, respectively (P,0.01; Figure 4A -C). Compared with the IR group, serum TNF-a and IL-6 gradually decreased after 1 h reperfusion (P,0.05 or P,0.01; Figure 4A and B), whereas the IL-10 increased significantly at 3 h reperfusion in the IPO group (P,0.01; Figure 4C ).
Expression of HIF-1a in skeletal muscle injury after IR of hindlimbs
Photomicrographs of HIF-1a staining in the skeletal muscle tissues of all groups are shown in Figure 5A -C. The thickness of skeletal muscle specimens containing HIF-1a-positive skeletal muscle cells was determined at 3 h when the staining was greatest. HIF-1a was seen in myocyte cytoplasm, vascular endothelial cytoplasm, and nuclei of skeletal muscle sham-operated rats, but expression increased in density, intensity, and extent with progression to skeletal muscle IR injury (P,0.01; Figure  5D ). Compared with group IR, IPO treatments significantly decreased levels of HIF-1a expression in myocyte cytoplasm and nuclei, vascular endothelial cytoplasm and nuclei, and inflammatory cytoplasm and nuclei of skeletal muscle tissue (P,0.01; Figure 5D ).
Quantitative Western blot analysis showed that limb IR and IPO increased the level of endogenous HIF-1a protein and led to a 1.62-and 1.18-fold increase compared to group S muscle, respectively (both P,0.05). Moreover, IPO treatment decreased in ischemic muscles about 0.73-fold compared to group IR muscle (P,0.05; Figure 6A ).
Effect of anti-TNF-a, anti-IL-6, and anti-IL-10 on HIF-1a expression in skeletal muscle
We evaluated whether the effect of anti-TNF-a, anti-IL-6, or anti-IL-10 was correlated with inhibition or promotion of HIF-1a expression in skeletal muscle injury induced by limb IR. Treatment with anti-TNF-a or anti-IL-6 tended to attenuate skeletal muscle injury and decreased expression of HIF-1a, whereas treatment with anti-IL-10 tended to enhance skeletal muscle injury and increased expression of HIF-1a ( Figure 6A-D) .
HIF-1a and its relationship to inflammatory mediators
The relationships amongst the changes in TNF-a, IL-6, and IL-10 levels and the expression of HIF-1a are shown for all conditions in Figures 4, 5 , and 6. In the IR rats, the levels of TNF-a, IL-6, and IL-10 increased and, consequently, the expression of HIF-1a increased significantly also. In contrast, in the IPO group, in which the levels of TNF-a and IL-6 decreased whereas that of IL-10 increased, the expression of HIF-1a decreased.
Discussion
IR injury is a common and important clinical problem that affects many different organ systems including the brain (stroke and head injury), heart (myocardial infarction), and skeletal muscle. Although IR injury can affect every organ in the body, its effects on skeletal muscle are frequently quite devastating. The sequelae of the cellular injury of IR may lead to the loss of organ or limb function, or even death.
Critical limb ischemia is treated by percutaneous transluminal angioplasty or vascular surgery. However, 20-30% of patients with critical limb ischemia are not suitable candidates for these methods and may require amputation (18) . Recently, a new technique, called ''postconditioning'' (15), describes a modified schedule of reperfusion characterized by intermittent restoration of blood flow after a prolonged episode of ischemia. Gyurkovics et al. (19) clearly demonstrated that the use of postconditioning may gain clinical relevance in infrarenal aortic surgery by being a potent shield to prevent postischemia-reperfusion syndrome.
Physiological and anatomical studies have shown that irreversible muscle cell damage starts after 3 h of ischemia and is nearly complete at 6 h (20) (21) (22) . Therefore, we took measurements after 3 h of ischemia, a model in which we expected a higher prevalence of skeletal muscle ischemia injuries. In the present study, we set up a model of lower limb IR injury on rats, and applied a previously used algorithm (three cycles, consisting of 30 s reperfusion-30 s ischemia each at the start of reperfusion) described as the most efficient postconditioning method in dogs (15) .
In our experimental setting, postconditioning had a positive effect on IR injury of the muscle tissues. The plasma concentration of certain necroenzymes (LDH, CK) and the histopathological samples taken from the quadriceps femoris muscle demonstrated a significant difference between the IPO and IR groups.
Increasing clinical and experimental evidence indicate that proinflammatory cytokines play a critical role in the cascade of events resulting in injury from IR (5, 23) . According to recent studies, the underlying cause of skeletal muscle injury after limb IR injury is a systemic inflammatory response (2, 23) . Leukocytes and endothelial cells are the primary cell types involved in cytokine production due to IR injury. IL-1b and TNF-a are two such up-regulated cytokines, with proinflammatory local and systemic effects that can be detected soon after reperfusion of the ischemic lower extremity (5, 24) . TNF-a causes alterations in the endothelial cell that result in capillary leak (25) . It also causes the expression of IL-6 and IL-8, as well as of monocyte chemotactic protein-1 (MCP-1) (26) . IL-6, in turn, further contributes to endothelial permeability and the production of acute-phase reactants from the liver, while IL-8 results in neutrophil chemotaxis and adhesion. MCP-1 is a chemokine that results in recruitment of circulating monocytes to areas of inflammation and injury (27) . The concept that IL-10 acts as an anti-inflammatory molecule was suggested primarily by studies showing inhibition of the synthesis of a large spectrum of proinflammatory cytokines by different cells, particularly of the monocytic lineage. Thus, IL-10 modulates proinflammatory cytokine production and tissue injury following ischemia and reperfusion injury (28) . The net result of cytokine up-regulation due to IR injury is loss of endothelial integrity, in addition to the recruitment and activation of leukocytes.
The results obtained in the present study showed that serum TNF-a and IL-6 decreased while IL-10 increased in the IPO group compared with the IR group. These data indicated that IPO against skeletal muscle IR injury may have a relationship to decreased inflammatory reaction caused by lower limb IR injury that triggers a systemic inflammatory response. This is consistent with the results of a recent study that suggested that postconditioning ameliorates pathophysiological IR events during the early reperfusion phase (29) . In addition, histological specimens taken at 3 h postreperfusion showed significant reductions in acute inflammatory reaction, edema, and muscle fiber necrosis in the IPO group compared with the IR group, and these findings were supported by the lower levels of TNF-a and IL-6 content in the IPO group and the higher level of TNF-a and IL-6 content found in the IR group.
The pathophysiology of IPO has been reviewed recently (19) . There is evidence to indicate that neutrophil accumulation is a key event in muscle infarction in skeletal muscle IR injury (29, 30) . Our earlier experiments indicated that IPO attenuated gastric ischemic injury after limb IR injury, and the mechanism may be related to inhibition of oxygen free radicals and inflammatory cytokines that cause organ damage (31) .
The IR injury of extensive muscle tissue mass and the sensitive vascular tissues and endothelium often leads to systemic complications with distant organ damage of major clinical importance, a phenomenon called reperfusion syndrome (32) . It has, essentially, two components: a local component that can result in increasing the regional damage from hypoxia-ischemia, and a systemic component that can result in cytokine activation and simultaneous multiple organ dysfunction from the reperfused ischemic tissue.
Hypoxia, or lowered physiological oxygenation, is a component of many disease states as well as with a variety of surgical procedures. The study of hypoxia and the hypoxia-inducible transcription factor HIF-1 has engendered a better understanding of the way that cells perceive oxygenation at a molecular level, the response mechanisms that interact with the transcriptional machinery of the cell, and the organism adaptation and survival that the resulting response enables. Thus, multiple mechanisms of hypoxic response act through HIF-1a.
HIF-1a is a master regulator of essential adaptive responses to hypoxia, whose expression and transcriptional activity increase exponentially with decreases in levels of cellular oxygen. In tumors, HIF-1a regulates proliferation, apoptosis, metastatic spread, and glucose metabolism by acting as a transcription factor for crucial proteins (33) . Additionally, HIF-1a is a major regulator of VEGF expression under hypoxia (10), was up-regulated both at mRNA and protein levels, and was located in the nucleus, suggesting that this may be the main pathway for VEGF induction in acute ischemia. A recent study suggested that mutant HIF1a can improve mature angiogenesis and tissue perfusion in ischemic rabbit skeletal muscle (11) . In the present study, the IPO group showed a marked decrease in the level of HIF1a expression in myocyte cytoplasm and nuclei, vascular endothelial cytoplasm and nuclei, and inflammatory cytoplasm and nuclei of skeletal muscle tissue compared to the IR group. These results indicated that the protective effects of IPO against skeletal muscle IR injury may be related to the involvement of the expression of HlF-1a, which is often considered to be a master regulator of VEGF expression and angiogenesis in hypoxia, and can promote angiogenesis and improve tissue perfusion.
Proinflammatory cytokines, IL-1b, and TNF-a have each been shown to stabilize HIF-1a protein, suggesting that HIF1a functions can be recruited by tissue inflammation (34, 35) .
Generally speaking, proinflammatory mediators promote angiogenesis, and the proangiogenic effects mediated by IL-1 and TNF-a support such a hypothesis (36) , whereas interferon-c and IL-12 are associated with anti-angiogenesis (37) . Our study showed that serum TNF-a, IL-6, and IL-10 content significantly increased in the IR group, as well as increased HIF-1a expression with progression to skeletal muscle IR injury from that group, and when serum TNF-a and IL-6 content were reduced, while IL-10 increased, the expression of HIF-1a also decreased in the IPO group. It showed that inflammatory cytokines (TNF-a, IL-6, and IL-10) could induce HIF-1a protein accumulation in myocyte cytoplasm and nuclei, vascular endothelial cytoplasm and nuclei, and inflammatory cytoplasm and nuclei of skeletal muscle tissue under hypoxia conditions. In summary, data from this study provide evidence that ischemic postconditioning can attenuate skeletal muscle damage caused by limb IR, and the mechanisms might be related to involvement of HlF-1a expression in the hindlimb IR injury-triggered inflammatory response. Further understanding of these mechanisms will be, undoubtedly, a major contribution to research of the pathogenesis and therapies of limb IR injury.
